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The valence and core level photoelectron spectra of NO condensed on various

——

substrates as obtained by Tommer ot ._1\.?—;;;19 successfully explained using
8n NO dimer model in which the two NO molecules form a weak N-N bond via the
2\;'( orbitals of the momomers, resulting ir a mearly square geometry. In both
the O(1s) and N{1s) regions of the x-ray spectrum there are two intenmse peaks
separated by 3.4 eV. From generalized-valence-bond calculations we find for
the N(ls? case, that the peak with the smaller electron binding emergy arises
from an M charge trnn;fer from one NO monomer to the other, while
the ucond\ puk srises from intramolecular screening. The first two peaks in
the valence to.lon, which have the smallest binding emergies and are separated
by 2.6 oV, ulu from final states which bave yAi and 23 symmetries, respec-
tively. The 21! orbitals of the monomers combine in-phase and out-of-phase to
4 f} .“\&:Y“.h of the dimer. The resulting two final states of the

1
dimes depend mpo.which ordital is occupied by the uapaired oloctroa/x\
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I. INTRODUCTION

Satellite structures are observed in az increasing sumber ©f photoelec-
tron spectra (PES) amnd ariss from electron correlation effects mot strictly
doscribable in the molecular-ordbital approximation. The slectron correlation
offects responsible for satellite structures may arise in the fimal state
(ion) or the initisl state (nmeuntral) or both. In this paper we will discuss
the PES of condensed nitric oxide (NO) which interestingly demonstrates the

effects of electron correlation in both the initial and the final states.

The experimental PES of condensed NO (10 K to 40 K) as obtasined by Tonnmer
st ;1.1 for the valence region snd the core regions of N(1s) and O(1ls) are
showa in Fig. 1a eand 1b, respectively. The valence spectrum was obtaimed
vsing synchrotrom radistion monochromatized to 60 eV; for comparison, the gas
phase data from an (e,2e) dipole coincident-electron oxperl-ent2 at an effec—
tive "photon” energy of 60 eV are also included in Fig. 1a (solid 1linme).
Except for the additional peak VIS2, the solid phase spectrum in the valence
region is very similar to the gas phase, aside from a uniform enmergy shift due
to the extras relaxation present in the solid phase (note that different energy
references are applied for the gas phase and the solid phese in Fig. 1a).
Bence, in the valence region, we are mainly interested im the origin of peak
VIS2, acknowvledging the other features are sasily explained as the jonization
of 2n, 50 and 1n, eand 4o electrons (in order of increasing binding emergies)
from NO im both the solid phase and the gas phase. In the N(1s) asnd O(1s)
core regions of the solid, one observes tvo peaks in each case separated by
3.4 oV. Ia coatrast, the gas phase spectras have oaly one prominent pesk in
each region, with small shouiders (intensities ~1/3 of main peak) due to

exchange spllttln;c’ of 1.5 oV and 0.7 oV in N(1s) and 0(1s). respectively.
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The difference betveen the PES of condensed NO and that of gaseous NO is
obviously due to the jntermoleculsr isteraction present in the condensed
phase. It is well known that NO in the solid phese exists is dimeric fm‘
snd 1is diuuntlc.’ This NO dimer has also been detected is the gas plnu‘

’Tlle

and in low-temperature ntrlcn.’ It is weskly bound by ~1.7 kcal/mole.
structure of (M))2 has been determined by X-ray ctyctallognphy‘ and by gas-
phase microvave studiu‘ and mey be characterized by s weak bond between th-
twvo aitrogens with lm-z 24A, lm-l.IGA. and (NNO=99.6°. The weak binding in
(PI))2 is reflected iz the structural observations that Ry, in (NO), is about
the same as in NO (1.15A) and that the dimer has a very lomg N-N bond dis-

tance. However, as we shall see below, it is this weak dond that is crucial

to understanding the PES of condensed NO.

Calculated results are based on correlated wavefunctions in the framework

9 The GVB wavefunctions, although

of generalized-valence-bond (GVB) theory.
correlated, retain s simple omne-electronm-like picture which offers a simple

physical description of the electromic structure.

II. CALCULATIONAL DETAILS

The most important solid-state effect on the PES of condensed NO is the
intermolecular interaction witbhin the NO dimer. To a good approximation, the
polarizstion effects of the medium on different ion states may be regarded as
s ecomstant and hence they will mot change the spectrum except for a akift in
sbsolute energy. Therefore ia our calculations we shall consider oaly an iso~
Iated NO dimer. The smolscular structural data are taken from the work of

lnto!h\‘ oR gaseous (M)z. which are perbaps the most sccurate at present and

are very eclose to the earlier z-ray crystallogrephic data of Llpuo-b;‘
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however, minor deviations of these geometrical parameters are mot expected to

change ouwr descriptiosn.

All electroms, except for the 1s cores, are correlated in terms of GVB
pairs ia most of our calculations. This resuits in eleven pairs for the dimer,
ss each NO monomer contributes five GVB pairs (one ¢ bond, onme = bond, two
ozygen lone pairs, and ome aitrogen lome pair), and there is one pair descridb-
ing the N-N bond. The effect of electronic correlation in describing the long
N-N bond is crucial, and its neglect is the reason for the failure of Hartree-
Fock theory in predicting the bond length (the N-N bond length is too short by
-O.GA).IO Inclusion of the other GVB pairs, although not as important, is

very helpful in revealing the physics of the electromic structure.

Calculations were done using the GVB2PS pro;rnn.’ with double-zeta basis
sets plus d polarization functionms (exponents of 0.76 and 0.85 for nitrogen

end oxygen, vespectively) of Dunning and lly.l1

I1I. RESULTS AND DISCUSSION

The ground state NO dimer is calculated to be slightly unbound by 1.6
kcal/mole with respect to two NO molecules (at the experimental bond distance
of 1.15A)." It should be noted however, that the experimental binding energy
of (ND)2 is only 1.7 kcal/mole. Optimization of the geometries and the inclu-
sion of higher level correlation effects should bring the calculated dinding
energy closer to experiment. The discrepancy is mot coritical here, however,
Yecanse the separations ia the PES peaks which we wish to describs are of the

order of 3 oV (1 oV=23.06 kcal/mols).
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In the following, we shall describe the ion states respomsidle for the
PES of (No)z by comsidering the ionization energies and the relative intensi-

ties.

A. JYonization Energies

First, consider the lowest N(1s) core hole state NISI. The wavefunction
is obtained in the presence of s localized core hole. This reduction in sym
mstry of the wavefunction for core hole states is not a serious problem (e.g.,
the splitting for the g and u core-hole states in Nz is less than 0.1 eV ).13
and yields much more accurate ionization emergies than calculations based on

symxetry orbitals.

The two GVB orbitals which form the weak N-N bond in the meutral ground
state (GS) are shown im Fig. 2a; the bond is described by a valence-bond 1like
wave function: (’u'b + ﬂb'.)(aﬁ - Ba). On ionization of a N(1ls) electron,
these orbitals become much like a lonme pair localized on the nitrogen contain-
ing the core hole (the mitrogen onm the left), as is clear im Fig. 2b. 1In
fact, the monomer with the core hole effectively resembles an excited state of
the 02 molecule, due to an jntermoleculsr charge transfer from the other momo-
mer which pow resembles an Nz molecule in the valence region. Schematically,
the GVB wavefunctions for GS and NIS1 are shown in Fig. 3a snd 3b, respec-

tively, to illustrate the charge tramsfer (from right to left) and the elec-

troaic reorganization.

The second pesk, NIS2, results from jantramolecular screeming (i.e..

screening within the ome NO molecules of the dimer which has the core hole

l1ocalized on it). The GVB wavefunction for this jptramoleculssrly screened
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state is obtained by triplet coupling of the two orbitals originmally forming
the N-N dond (the wavefunction is still a doublet by properly coupling the
N(1s) orbital). The enmergy splitting between NIS1 and NIS2 is calculated to

be 3.7 oV, in comparison with the experimental 3.4 oV.

Ia the O(1s) region, the GVB wavefunction inm the valence region for the
l1owest hole state OISl is quite different from that for NIS1, Ag shown in
Fig. 2¢, the ivo orbitals orgimally forming the N-N bond iz the GS still
getain this charscter and there is mo intermolecular charge transfer of the
kind encountered earlier inm NIS1 (cf. Fig. 2b). The second peak, OIS2, 1like
NIS2, 4is characterized as dominantly triplet-coupling of the two N 2n elec-
trons originally involved in the N-N bond of (NO)z. The energy separation
between OISl and OIS2 is obtained from a simple configurstion-interaction (CI)
calculation using three orbitals (0(1s) and N-N dond pair) of the OIS1 GVB
wavefunction, and is found to be 3.3 eV, which may be compared with the exper—
imental separation of 3.4 ¢V. Intermolecular charge transfer between the two
O atoms does mot occur in this cese becanse the =m-bond (perpendicular to the

dimer plane) of the donor would have to be disrupted at great energy.

In the valence region, it is more convenienst to use symmetry-restricted
(sz) wavefunctions. It turns out that the first two peaks (cf. Fig. 1a) are
both derived from ionizations of an electron out of the N-N bond, with the
remaining electron in a donding s orbital for the msin peak VIS1 (2A1) and in
sa aati-bonding bz orbital for the second peak VIS2 (2l2). The energy

separation between the 2A1 and the 2!2 ion states at this level of approxims-

tioa 18 2.7 eV, which may be compared with the exzperimental value of 2.6 oV.




B. Iatensities

The intensities of the PES peaks also contain valuable ianformation on the
wavefunctions of the ion states and the neutral parent. Thus far we have dis-
cussed the positions of the ionization pesks which are in reasomable agreement
with experiment. However, our descriptions could mot be considered correct if
the relstive intenmsities could mot be accounted for. In the following, we
shall provide guaslitative arguments concerning the intensities in support of

our description of the PES.

The relative intensity Iillj of ion state i relative to ion state j in

the sudden .pproxintionl4 is

+ A o 2
31 } i< 'i | CH ?°Hl
1

(1)
i K 9; %, ¢° 5)2

where 2, and £, are the sppropriate electron amnihilation operators operating

i J

on the wavefunction 90 of the neutrsl parent, and 9; and ?‘, are the calcu-

3

lated self-consistent wavefunctions of ion states i and j, respectively.

Instead of evaluating Eq. 1 rigorously using our calculated wavefunc-
tions, we shall focus only on the few orbitals that change shape or spim cou-
pling most drastically in the ion states, and thus assume all other orbitals

have m0 effect in the overlap integral.

The two O(1s) iom states OIS1 and OIS2 differ mainly in tke spin cou-
plings of the two 2x-1like orbitals shown im Fig. 2¢. Ia OIS1 they are predom-
isantly singlet coupled asd in OIS2 they are predominantly triplet coupled.

The weights of singlet and triplet couplings in each state are easily obtained

from the Cl wavefunctions. VWithia the present approximation omly sinmglet cou-
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pling gives mon—-zero overlap with the GS. An intessity ratio of 0.05 is
predicted for OIS2 relative to OIS1. The source of mixing betwveen the singlet
and triplet covuplings in each state is the intramolecular couplimg of the

O0(1s) and the 2n-like orbitals.

The relative intensities for NIS1 and NIS2 may be understood similarly.
However, as indicated in Fig. 3, there are drastic rearrangements of the orbi-
tals between these two states. Therefore, the weights of the singlet and the
triplet couplings involving the 2n-1ike orbitals cannot be accurately deter-
mined from a small CI calculation using one common set of orbitals. Nomethe-
less, the intensity of NIS2 relative to NIS1 is expected to be larger than the
intensity of OIS2 relative to OIS1 becavse the overlap between GS and the
singlet coupled wavefunction NIS1 is smaller due to orbital rearrangements

(cf. Fig. 3), snd this "lost"” intemsity in NIS1 appears in NIS2.

In the valence region, we have sssigned VIS1 and VIS2 as the zAl and the
232 ion states, respectively. The neuntral ground state GS is 1Al. In the
molecunlar-orbital (MO) approximation, only the zAl state is expected if the NO
dimer is bonded via an 8, orbital derived from the 2n orbitals of the NO mono-
mers, As mentioned earlier, the single-determinant MO wavefunction does not

properly describe the long N-N bond, The GVB description for this bond,

expressed in terms of MO’'s (11 and bz). is

N_N - _
I9;9,(ap - pa)l =2 la; 0,081 - 2,10,0,080 , 2
vhere ll sad lz are the occupation sumbers for orbitals 8 and bz. respec-
tively. I» the wusmal restricted Hartree-Fock method, ).z is zsero. The closer

12 is to lx. the more biradicel-1like (mon-bonding) the system is. It is clear

from Eq. 2 that the occupation of the bz N-N anti-bonding orbital ia the GS is
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the resson for the observation of VIS2. Namely, the intensity of sz relative
to zll is (12 / 11)2. sssuming the natural orbitals (MO's) a; sad b, in the
{on states and the meutral ground state are the same. The calculated values
for lz and 11 are 0.22 and 0.78 respectively, from which the imtensity ratio
of 0.13 is predicted, consistent with the experiment. The two-pesk feature
here 1s an example of doth the initial-state and tb final-state effects.
Furthermore, VIS2 is broader because of the repulsic potential due to the

occupation of the bz anti-bonding ordbital in the ionm.

IV. SUNNARY

The experimental PES of solid NO in both the valence and core regions
have been successfully explsined here using an NO dimer model. The satellite
structures are basically due to the presence of the weak N-N bond in the neun-
tral dimer. In the valence region, the two peaks VIS1 and VIS2 both result
from the ionization of an electron from the N-N bomd. In the N(1s) region,
NIS1 1is characterized by intermoleculsar charge transfer which is absent in
NIS2. The two peaks in the O(1s) region OISl and OIS2 also do mot involve the
iptermoleculer charge transfer. Their splitting is duve primarily to spin-

coupling effects.

The mechanism of jintermolecular charge transfer is interesting and is
expected to occur in other similar sitvations in which weak bond(s) may form
between meighbors. Bonding is necessary for intemsity reasons. But if the
bond is very stromg, then there is usually mo satellite structure associated
with it. A quslitative description of the emergetics and fin.enmsity of this

type of chargse transfer has been given in the present paper. A more quantita-
18

tive analysis will appear elsevhers.
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" Figure Captions
b
Figure 1
) Photoelectron spectra of NO.1 (a) Valence region at 60 eV photon energy.

80118 phase (dashed lime) is referenced to substrate Fermi emergy; gas phase
(80114 line, from Ref. 2) is referenced to vacuum energy. (b) Oxygen 1s and
Nitrogen 1s regions for solid NO on polycrystalline gold. Energies are rela-

tive to Au Formi energy.

Figure 2

GVB orbital contour plots of the 2n-derived valence orbitals. (a) The two
;' ' orbitals describing the N-N bond in the meutral ground state. (b) The two
corresponding orbitals in the charge-transfer N(1s) ifon state NIS1 showing

intermolecular charge transfer to the left N atom where the core hole is

- o s e

: localized. (c) The two corresponding orbitals in the O(1s) ion state OIS1.

Ao

Figure 3

Schematic representations of the wave functions for (a) the meutral ground
state of the NO dimer; (b) the charge-transfer N(1is) jon state NIS1, in which
the core hole is localized on the left. The lines connecting pairs of orbdi-
4 tals represent bonds between these orditals. The single segment 1lines
gopresent o-bonds (and in the case of the monomer on the right ia (b)-- s n-
boad); the three-segment lines represent x-bonds bdetween orditals. Pairs

of orbitals containing one electron (denoted by a dot) form covaleat electron-

pair doads. Orbitals containing two electroms (i.e., two dots) are lone pairs
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end are som-boadiag. Note that i the monomer on the right of {b) that & tri-

ple doad (two x-bonds and » c-bond) resembling the bonding of the Nz molecule

is found.
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